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(57) Abstract: Silane-coated metal 
oxyde nanoparticles having desirable 
optical properties are provided by 
the invention, along with methods 
for their preparation and use. The 
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as labeling reagents for biological and 
other molecules. The compositions 
may be prepared by contacting the 
metal oxyde nanoparticle with a 
silane, and irradiating the mixture with 
microwave radiation. 
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STABILIZED INORGANIC PARTICLES 

Cross Reference to Related Applications 
[0001] This application claims the benefit of U.S. Provisional Application No. 
60/365,845, filed March 19, 2002, which is hereby incorporated in its entirety by 
reference. 

Statement Regarding Federally sponsored Research 
[0002] This invention was made with government support under 5P42ES04699 
awarded by the National Institute of Environmental Health Sciences and under DBI- 
0102662 awarded by the National Science Foundation. The government has certain 
rights in the invention. 

BACKGROUND 

Field of the Invention 

[0003] This invention relates to the fields of chemistry and biology. 
Background of the Invention 

[0004] Fluorescence is a widely used tool in chemistry and biological science. 
Fluorescent labeling of molecules is a standard technique in biology [31]. The labels 
are often organic dyes that give rise to the usual problems of broad spectral features, 
short hfetime, photobleaching, and potential toxicity to cells. The recent emerging 
technology of quantum dots has spawned a new era for the development of fluorescent 
labels using inorganic complexes or particles. These materials offer substantial 
advantages over organic dyes including larger Stokes shift, longer emission half-life, 
narrow emission peak and minimal photo-bleaching. However, quantum dot 
technology still is in its infancy, and is plagued by many problems including 
difficulties associated with reproducible manufacture, coating, and derivatization of 
quantum dot materials. 
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[0005] In addition, although the quantum yield of an individual quantum dot is high, 
the actual fluorescence intensity of each tiny dot is low. Grouping multiple quantum 
dots into larger particles is one approach for increasing the fluorescence intensity, but 
this nascent technology still suffers from drawbacks including difficulties in 
generating and maintaining uniform particle size distributions. Wider application of 
quantum dot technology therefore has been limited by the difficulties referred to 
above. 

[0006] Alternative labels may be based on lanthanide-derived phosphors. Rare-earth 
metal elements such as europium are known for their unique optical 
(fluorescent/phosphorescent) properties. When their salts are dissolved in water, their 
fluorescence is quenched. Thus, many investigators have used europium and other 
rare-earth chelates to label biological molecules for the sensitive detection of proteins 
and nucleic acids [1], to carry out time-resolved fluorometric assays [2-7], and as 
labels in immunoassays [8-16]. However, this chelation chemistry often is expensive 
and complex, and so application of rare-earth chelation technology also has been 
limited to date. 

[0007] Recently, nanoparticles have received much attention in biology [17-24]. 
These particles can have strong fluorescence that exhibits a spectrally sharp emission 
peak, large Stokes shift, and less quenching influence by other chemicals. 
Nanoparticles such as Eu 2 0 3 particles also have been recognized as offering 
tremendous potential in obtaining large enhancement of emission intensity [25-26]. 
However, Eu 2 0 3 and other nanoparticles are easily dissolved by acid during activation 
and conjugation, thereby losing their desirable properties. In addition, nanoparticles 
lack reactive groups that allow them to be derivatized easily and linked to analytes and 
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other reagents, thus increasing the difficulty associated with using nanoparticles as 
labeling reagents for the study of biological and other molecules. 
[0008] Silica and alumina surfaces have wide-ranging surface reactivities [27]; in 
particular, silica can be used as a cap to keep europium oxide from dissolving in acid 
in the conjugation process. However, coating with silica and alumina may increase 
the particle size, thereby compromising the advantageous properties of nanoparticles 
that render them suitable as labeling reagents. 

[0009] The present invention addresses these and other limitations of the prior art by 
providing methods for stabilizing nanoparticles, and stabilized nanoparticle 
compositions that retain many or all of native particles' optical properties and enable 
the use of the stabilized nanoparticle to derivatize and so label biological and other 
materials. 

Summary of the Invention 
[0010] In one aspect the invention provides for stabilized nanoparticle compositions 
comprising a metal oxide particle having a desirable optical property coated with a 
silane. Preferred particle diameters are in the range of between about 10 and 1000 
nm, more preferably between about 10 and 200 run or between about 10 and 100 nm, 
and even more preferably between about 20 and 50 nm. The metal oxide particles 
have the generic formula MexO y , wherein 1 < x < 2 and 1 < y < 3 and wherein 
preferably x = 2 and y = 3, and wherein preferably, Me is a rare earth element, a 
lanthanide (atomic number, z, = 57 to 71) or an actinide metal (z = 89 to 105). In 
preferred embodiments, Me is selected from the lanthanide series and includes, but is 
not limited to, europium (Eu), cerium (Ce), neodymium (Nd), samarium (Sm), 
terbium (Tb), dysprosium (Dy), gadolinium (Gd), holmium (Ho), or thulium (Tm), or 
Me maybe chromium (Cr), yttrium (Y), or iron (Fe). Other suitable metal oxide 
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particles include silicon oxide (Si0 2 ), aluminum oxide (A1 2 0 3 ), titanium oxide (Ti0 2 ), 
and zirconium oxide (Zr0 2 ) that are mixed with Eu 2 0 3 or Eu \ 
[0011] In other preferred embodiments, the metal oxide particle comprises a doped 
metal oxide particle by which is meant a metal oxide, and a dopant comprised of one 
or more rare earth elements. Suitable metal oxides include, but are not limited to, 
yttrium oxide (Y 2 0 3 ), zirconium oxide (Zr0 2 ), zinc oxide (ZnO), copper oxide (CuO 
or Cu 2 0), gadolinium oxide (Gd 2 0 3 ), praseodymium oxide (Pr 2 0 3 ), lanthanum oxide 
(La 2 0 3 ), and alloys thereof. The rare earth element comprises an element selected 
from the lanthanide series and includes, but is not limited to, europium (Eu), cerium 
(Ce), neodymium (Nd), samarium (Sm), terbium (Tb), dysprosium (Dy), gadolinium 
(Gd), holmium (Ho), thuhum (Tm), an oxide thereof, and a combination thereof. In 
these preferred embodiments, the desirable optical property is fluorescence. In 
another preferred embodiment, the desirable optical property is fluorescence 
resonance energy transfer ("FRET"). In yet other preferred embodiment, the desirable 
optical properly is phosphorescence. 

[0012] Silanes useful for preparing the compositions of the present invention possess 
a leaving group capable of being displaced by an oxygen present in the metal oxide. 
Especially preferred leaving groups include CI - C4 alkoxides or -OH groups. In a 
preferred embodiment, the silane also comprises a reactive chemical group through 
which the stabilized nanoparticle may be bound to a molecule such as a protein, a 
nucleic acid, a lipid, a carbohydrate or another biological material such as a cell, a 
tissue sample or other similar materials. Especially preferred reactive chemical 
groups include primary amino groups, surfhydryl groups, aldehyde groups, 
carboxylate groups, alcohol groups, phosphate groups, ester groups and ether groups. 
Examples of preferred silanes comprising a reactive chemical group include 
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Si(OH) n (0(CH2)pCH3) m ((CH2) q R) 9 wherein 0<n<3;0<m<3;0<p<3;0<q< 
10, n + m = 3, and wherein R = H, halogen, OH, COOH, CHO, NH 2 , COOR', or OR% 
(wherein R' may be an alkyl or aryl moiety), SR" (where R" is H or a protecting 
group), or other commonly-used reagents in coupling chemistry. An example of a 
preferred silane comprising a sulfhydryl functional group (R = SH) is (3- 
mercaptopropyl)trimethoxysilane (SH(CH 2 ) 3 Si(OCH 3 )3 available as Aldrich cat* no. 
17561-7. Preferred silanes bearing a carboxyl functional group (R = COOH) can be 
prepared from preferred silanes bearing an amino functional group (R == NH 2 ) (such 
as, e.g., 3-aminopropyltrimethoxysilane ("APTMS") H 2 N(CH2)3Si(OCH 3 )3 (Sigma- 
Aldrich Chemicals, St. Louis, MO)) by reaction with succinic anhydride or glutaric 
anyhydride. An example of a preferred silane bearing an hydroxyl functional group 
(R= OH) is 3-glycidoxypropyltrimethoxysilane (Aldrich cat no. 44016-7). 
[0013] The invention also provides, in other preferred embodiments, for biological 
and other molecules derivatized with a metal oxide particle coated with a silane and 
having a desirable optical property. In one preferred embodiment, the biological 
molecule is a protein; in another it is a nucleic acid; in yet another it is a lipid; while 
in another it is a carbohydrate. 

[0014] The invention also provides for direct assays to specifically detect the presence 
of an analyte in a sample, comprising specifically binding said analyte in said sample 
with a biological molecule derivatized with a metal oxide particle coated with a silane 
and having a desirable optical property, illuminating said particle bound to said 
analyte, and detecting said desirable optical property as a measure of the presence of 
said analyte hi said sample. In one preferred embodiment, said desirable optical 
property is fluorescence. In another preferred embodiment, said desirable optical 
property is phosphorescence. In yet another preferred embodiment said desirable 
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optical property is fluorescent resonance energy transfer ("FRET"). In preferred 
embodiments in which the metal oxide nanoparticle exhibits long phosphorescent or 
fluorescent lifetimes (such as, e.g., with lanmamde-containing nanoparticles), said 
desirable optical property is a fluorescence lifetime or a phosphorescent lifetime. In 
yet another preferred embodiment said biological molecule is selected from the group 
consisting of a protein, a nucleic acid, a lipid, and a carbohydrate. 
[0015] In other preferred embodiments, the invention provides for indirect (i.e., 
competition) assays to specifically detect the presence of an analyte in a sample, 
comprising specifically binding an analyte ligand with a biological molecule 
derivatized with a metal oxide particle coated with a silane and having a desirable 
optical property, contacting said bound analyte ligand with a sample comprising an 
analyte capable of displacing said particle from said analyte ligand, illuminating said 
particle, and detecting said desirable optical property as a measure of the presence of 
said analyte in said sample. In one preferred embodiment, said desirable optical 
property is fluorescence. In another preferred embodiment, said desirable optical 
property is phosphorescence, hi another preferred embodiment said desirable optical 
property is fluorescent resonance energy transfer ("FRET"). In yet another preferred 
embodiment said biological molecule is selected from the group consisting of a 
protein, a nucleic acid, a lipid, and a carbohydrate. 

[0016] In yet another preferred embodiment, the invention provides for a method for 
coating a metal oxide particle having a desirable optical property with a silane having 
a leaving group capable of being displaced by an oxygen present in the metal oxide, 
comprising contacting said metal particle with said silane, and irradiating said metal 
particle and said silane with microwave radiation. In preferred embodiments, said 
silane comprises a chemical group capable of reacting with biological or other 
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molecules. Especially preferred reactive chemical groups include primary amino 
groups, sulfhydryl groups, aldehyde groups, carboxylate groups, alcohol groups, 
phosphate groups, ester groups and ether groups. 

[0017] The invention also provides for a method of derivatizing a molecule with a 
metal oxide particle coated with a silane having a chemical group capable of reacting 
with said molecule, said particle having a desired optical property, comprising 
contacting said particle with said molecule under conditions in which said chemical 
group reacts with said molecule. In preferred embodiments said molecule is a 
biological molecule selected from the group consisting of a protein, a nucleic acid, a 
lipid, and a carbohydrate. Especially preferred reactive chemical groups include 
primary amino groups, sulfhydryl groups, aldehyde groups, carboxylate groups, 
alcohol groups, phosphate groups, ester groups and ether groups. 

Brief Description of the Drawings 
[0018] Figure 1. UV/Vis absorbance spectrum (inset) and emission spectrum of 
Eu 2 0 3 particles. The upper trace is the native particle spectrum, the lower trace is the 
3-aminopropyltrimethoxysilane- (APTMS-) coated particle spectrum. 
[0019] Figure 2. Diagrams two bonding schemes (a) and (b) between a silane and a 
particle of EU2O3. 

[0020] Figure 3. Fluorescence emission spectrum (a) and fluorescence image (b) of 
silane-coated EU2O3 particles suspended in phosphate buffered saline. 
[0021] Figure 4. UV/Vis absorbance spectrum of Eu 2 0 3 particle coated with 
3-ammopropyltrimethoxysilaiie (APTMS) and reacted with ninhydrin to determine 
presence of free amino groups on particle surface. 

[0022] Figure 5. Scanning electron micrograph of Eu 2 0 3 particles coated with silane. 
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[0023] Figure 6. Derivatization of atrazine analog with 3- 
aminopropyltrimefhoxysilane- (APTMS-) coated Eu 2 0 3 . 

[0024] Figure 7. Fluorescence emission at 610 nm from triplicate measurements of 
atrazine analog labeled with EU2O3 particle coated with 3- 

aminopropyltrimethoxysilane (APTMS) bound to anti-atrazine mouse monoclonal 
antibody, and captured with magnetic particle coated with goat anti-mouse IgG 
showing relationship between fluorescence intensity associated with magnetic 
particles and concentration of anti-atrazine mouse monoclonal antibody added to 
reaction mix. 

[0025] Figure 8. Competition immunoassay results. Fluorescence emission at 610 
nm from triplicate measurements of atrazine analog labeled with Eu 2 0 3 particle 
coated with 3-aminopropyltrimethoxysilane (APTMS) bound to anti-atrazine mouse 
monoclonal antibody and captured with magnetic particle coated with goat anti- 
mouse IgG showing relationship between fluorescence intensity in solution phase and 
concentration of unlabeled atrazine added to reaction mix. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
[0026] Stabilized nanoparticle compositions having desirable optical properties are 
provided by the instant invention, along with methods for their manufacture and use. 
In general, the nanoparticle compositions of the present invention comprise a metal 
oxide particle having a desirable optical property that has been coated with a silane. 
Preferred particle diameters are in the range of between about 10 and 1000 nm, more 
preferably between about 10 and 200 nm and even more preferably between about 10 
and 100 nm, or between about 20 and 50 nm. In preferred embodiments, the metal 
oxide particles have the generic formula Me x O y , wherein 1 < x < 2, and 1 < y < 3, and 
wherein preferably, Me is a rare earth element selected from the lanthanide series and 
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includes, but is not limited to, europium (Eu), cerium (Ce), neodymium (Nd), 
samarium (Sm), terbium (Tb), dysprosium (Dy), gadolinium (Gd), holmium (Ho), 
thulium (Tm), or Me may be chromium (Cr), yttrium (Y), iron (Fe). Other suitable 
metal oxide particles include silicon oxide (Si0 2 ), and aluminum oxide (AI2O3) mixed 
with Eu 2 03* or Eu 3+ \ 

[0027] In other preferred embodiments, the metal oxide particle comprises a doped 
metal oxide particle by which is meant a metal oxide, and a dopant comprised of one 
or more rare earth elements. Suitable metal oxides include, but are not limited to, 
yttrium oxide (Y 2O3), zirconium oxide (ZrC>2), zinc oxide (ZnO), copper oxide (CuO 
or Cu 2 0), gadolinium oxide (Gd 2 C>3), praseodymium oxide (Pr 2 03), lanthanum oxide 
(La 2 03>, and alloys thereof. The rare earth element comprises an element selected 
from the lanthanide series and includes, but is not limited to, europium (Eu), cerium 
(Ce), neodymium (Nd), samarium (Sm), terbium (Tb), gadohnium (Gd), holmium 
(Ho), thulium (Tm), an oxide thereof, and a combination thereof. Nanoparticles of 
such oxides may be purchased from commercial suppliers or fabricated using methods 
known to those of ordinary skill in the art as set forth in, e.g., references 26 and 35, 
the disclosures of which are herein incorporated by reference. 
[0028] The desirable optical properties of the compositions of the present invention 
include optical properties that allow the compositions to be usefiil as labeling agents, 
such as, e.g., fluorescence, fluorescence resonance energy transfer ("FRET"), and 
phosphorescence. Thus, the compositions of the present invention may be used by 
one of skill in the art in the same maimer as fluorescent dyes, FRET pairs and other 
labeling reagents, but with the advantages that nanoparticles bring to labeling 
technology in terms of larger Stokes shift, longer emission half-life (for lanthanide- 



WO 03/080743 PCT/US03/08619 

containing nanoparticles), diminished emission bandwidth, and less photobleaching as 
compared with, e.g., traditional fluorescent dyes. 

[0029] It has been surprisingly discovered by the inventors that nanoparticles having 
desirable optical properties may be chemically and physically stabilized by reacting 
the nanoparticles with a silane. The term "silane" refers to saturated silicon hydrides, 
analogues of the allcanes; i.e., compounds of the general formula Si n H 2n +2, and is 
intended to include silane, oligosilanes and polysilanes as well as hydrocarbyl 
derivatives and other derivatives. Silanes useful for the practice of the present 
invention have a leaving group capable of being displaced by an oxygen present in the 
metal oxide. Especially preferred leaving groups include Ci - C 4 alkoxides [or -OH 
group] . This reaction may be carried out by contacting a nanoparticle having a 
desirable optical property with a silane, and irradiating the reaction mixture with 
microwave radiation. Without wishing to be bound by theory, it is believed that oxide 
groups on the nanoparticle displace a leaving group on the silane to form structures 
such as are shown in Figs. 2 (a) and (b). Preferred silanes include alkoxysilanes 
comprising such structures as --Si(OCH 3 ) 3 , --Si(OC 2 H 5 ) 3 , ~Si(OCH 3 )H 2 , 
--Si(OCH 3 )(CH 3 ) 2 , and --Si(OCH) 3 ) 2 CH 3 . 

[0030] The stabilized silane-coated particles maybe used as labeling reagents by 
exploiting a reactive chemical group attached to the silane. This group maybe present 
on the silane at the time of initial reaction of the nanoparticle with the silane, or 
conveniently may be added at a later time using standard organic synthesis routes by 
which the reactive group is added to or is substituted for an existing group present on 
the silane. Methods for adding or substituting a reactive chemical group to a silane 
are well-known to those of skill in the art; representative examples of such methods 
may be found in, e.g., G. T. Hermanson, Bioconjugate Techniques (Academic Press, 



WO 03/080743 PCT/US03/08619 

New York, 1996) and in D Gerion, F Pinaud, SC Williams, WJ Parak, D Zanchet, S 
Weiss, AP Alivisatos, "Synthesis and Properties of Biocompatible Water-Soluble 
Silica-Coated CdSe/ZnS Semiconductor Quantum Dots/' J. Phys. Chem. B 2001, 105, 
8861-8871, the entire disclosures of which are hereby incorporated by reference. 
[0031] The nature of the reactive chemical group depends, of course, on the chemical 
nature of the target to be labeled using the compositions of the present invention. In 
preferred embodiments, the target to be labeled is a biological molecule such as a 
protein, a nucleic acid, a lipid or a carbohydrate. For these applications, silane-coated 
particles having desirable optical properties and suitable for labeling such a target 
conveniently may be prepared by reacting a particle having a desirable optical 
property with a silane having a primary amino group, a sulfhydryl group, an aldehyde 
group, a carboxylate group, an alcohol group, a phosphate group, or other reactive 
functional group. Methods of labeling biological molecules such as proteins, nucleic 
acids, lipids, and carbohydrates through reactive functional groups such as those that 
may be carried by the silane are well known in the art and are exemplified in, e.g., 
Functional Group Chemistry, J.R. Hanson & E. Abel, John Wiley & Sons, New Jersey 
(2002) ISBN: 0471224804, the entire disclosure of which is herein incorporated by 
reference. Examples of preferred silanes comprising a reactive functional group 
include Si(OH)n(0(CH 2 )pCH3)m((CH2) q R), wherein 0<n<3;0<m<3;0<p<3;0 
< q < 10, n + m « 3, and wherein R = H, halogen, OH, COOH, CHO, NH 2 , P0 4 , 
COOR , or OR , (wherein R' may be an alkyl or aryl moiety), SR" (where R" is a 
protecting group on sulfur), or other commonly-used reagents in coupling chemistry. 
An especially preferred silane comprising a reactive functional group is 
3-aminopropyltrimethoxysilane ("APTMS") H 2 N(CH2)3Si(OCH 3 )3, wherein with 
reference to the generic structure described above, n = 0, p = 0, m = 3,q = 3, and 
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R = NH 2 . An example of a preferred silane comprising a sulfhydryl functional group 
(R= SH) is (3-mercaptopropyl)trimethoxysilane (SH(CH 2 )3Si(OCH 3 )3 available as 
Aldrich cat. no. 17561-7. Preferred silanes bearing a carboxyl functional group 
(R = COOH) can be prepared from preferred silanes bearing an amino functional 
group (R = NB 2 )(such as, e.g., 3-aminopropyltrimethoxysilane ("APTMS") 
H 2 N(CH 2 ) 3 Si(OCH3)3 (Sigma-Aldrich Chemicals, St. Louis, MO)) by reaction with 
succinic anhydride or glutaric anyhydride. An example of a preferred silane bearing 
an hydroxyl functional group (R = OH) is 3-glycidoxypropyltrimethoxysilane (Aldrich 
cat. no. 44016-7). 

[0032] Directly coating the particles with a silane having a reactive chemical group 
provides a simple way to preserve the desirable optical properties of the nanoparticles 
and simultaneously add to the particle a group that conveniently may be used to link 
the particle to a target molecule. Selection of the target molecule depends on the 
particular application. As one of ordinary skill will readily appreciate, the silane- 
coated particles maybe used to label biological molecules to facilitate analyte 
detection using any type of assay that currently may be carried out using fluorescent, 
chemical, enzymatic, or radiolabeled molecules. These include hybridization assays, 
FRET assays, enzyme-linked immunosorbent assays ("ELISAs"), competition assays, 
or any other type of ligand binding assay known to one of skill in the art or developed 
at a later time that can be adapted for use with the compositions of the present 
invention. Examples of such assays maybe found in references 5, 7, 9, 11, 12, 14-16, 
and 28-30. 

[0033] In the working examples below, we describe one application of the invention 
using microwave chemistry to coat europium oxide nanoparticles with an amine- 
containing silane. Microwave absorption by lanthanides has been demonstrated and 
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utilized in several applications [32, 33]. We have found silanes, such as 
3-aminopropyltrimethoxysilane ("APTMS"), to be microwave transparent. EU2O3 
absorbs microwave energy, as a result of either an intrinsic property, or more likely, as 
a result of water or OH attached to the particle surfaces. As a result of this differential 
absorption in the particle suspension, heating can be confined to local regions without 
the need to heat the bulk solution. Reaction between the APTMS and the particle is 
concentrated at the particle surface. A reaction at the solid-liquid interface yields a 
layer of Si-0-(CH) x -NH2 that is covalently bound to the lanthanide oxide particles. 
Similar results can be achieved in a flow tube furnace with appropriate control of 
temperatures and time. Following treatment, the particles are used to label an organic 
molecule, an atrazine analog, which then is used in a competition immunoassay to 
detect unlabeled atrazine present in a sample. 

Example 1 - Coating EuiOa Nanoparticles Using Microwave Chemistry 
[0034] 1 gram of Eu 2 0 3 (99.99% purity, Sigma-Aldrich Chemicals, St. Louis, MO), 

was suspended in 50 mis of ethanol, and then sonicated for half an hour in a bath 

sonicator (Bransonic Model 52). The nanoparticle suspension was separated from 

larger EU2O3 by low speed centrifugation (500 x g at 4°C), after which time the 

supernatant containing the suspension was removed from the low-speed pellet. 

Nanoparticles were collected by centrifuging the supernatant at 6000 x g for 30 min. 

at 4°C. The pellet was collected and dried at 150°C overnight. 

[0035] Five mgs of the dried particles were added to a 10 ml beaker and 

approximately 1 ml of 3-aminopropyltrimethoxysilane (Sigma-Aldrich Chemicals, St. 

Louis, MO) was added to cover the Eu 2 0 3 particles. The mixture was dispersed by 

bath sonication for 15 minutes using the same sonicator described above at the same 

power setting. It was then put onto the rotating stage in a microwave oven 

(Montgomery Ward, model LGS-1016A) operating at approximately 100 watts and 
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emitting microwave radiation at a frequency of 2450MHz and irradiated for 2 
minutes. It was removed from the microwave, stirred for about 2 minutes and bath 
sonicated again for 5 minutes. The procedure of heating and sonication was repeated 
between about 3 and 5 times until the suspension became a sticky mixture. The 
material was maintained at room temperature overnight, ground to a fine powder 
using a mortar and pestle and then heated at 150°C for 30 minutes. The resulting 
particles were washed three times by suspending them in 50 mis of distilled water, 
then centrifuging the suspension at 6000 x g for 30 minutes at room temperature. This 
procedure results in a chemical reaction at the surface of the Eu 2 0 3 particles that is 
believed to covalently bond the silane to the Eu 2 0 3 particles in either or both of the 
modes shown in Fig. 2. 

Example 2 ~ Characterization ofEmOi - Silane Coa ted Particles 

[0036] The resulting Eu 2 0 3 -silane coated particles were characterized using two 

different approaches. In the first approach, fluorospectrometry was used to 

characterize the fluorescence emission at 610 nm of the Eu 2 0 3 particles before (Fig. 1) 

and after (Fig. 3(a)) silane coating following excitation at 394 nm or 466 nm. 

Particles were suspended in phosphate-buffered saline ("PBS")(8g L" 1 of NaCl, 

1.15g L" 1 of Na 2 HP0 4 , 0.2 g I/ 1 of KCI, pH 7.4) to a final concentration of lmg/ml. 3 

mis. of the suspension was loaded into a 4 cm quartz cuvette that then was placed 

inside a FluoroMax-2 spectrofluorometer (Instruments S.A., Inc., Edison, NT). Eu 2 0 3 

particles have a useful excitation region from about 356 - 410 nm with a maximum at 

394 nm. Another strong absorption is located at 466 nm. See Fig. 1 inset. The 

sample was excited with 466 nm light and the fluorescence emission spectrum 

determined. As illustrated in the Fig. 1 upper trace, a prominent peak centered at 

approximately 610 nm characterizes the emission spectrum of the uncoated Eu 2 0 3 

particles. The emission spectrum has the following salient characteristics, typical of 
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europium and its chelates: (1) large Stokes shift (144 nm or 216 nm, depending on 
excitation wavelength); (2) a narrow, symmetric emission feature at 610 nm (full 
width half maximum, FWHM, or 8 nm); (3) a long life time (in this case measured 
with a time-resolved fluorescence system to he about 300 ms). 
[0037] Most importantly, these characteristics were unchanged by the 
functionalization process. Fig. 3(a) illustrates that the silane-coated EU2O3 particles 
have the same 610 nm emission peak as do the native particles. The emission spectra 
of the native EU2O3 particles and those that have been functionalized with APTMS are 
overlaid in Fig. 1 to highlight the comparison. The upper trace is the native particle 
spectrum, the lower trace is the functionalized particle spectrum. 
[0038] A narrow emission band from a fluorophore is potentially quite advantageous 
in bioanalysis. Considerable attention has been given to novel fluorophore labels in 
recent years, with a view to exploiting narrow spectral lines. For example, nanoscale 
quantum dots have an emission that is much narrower than conventional organic dyes. 
A typical functionalized, water soluble, nanocrystal of CdSe/ZnS in PBS was excited 
at 355 nm, leading to an emission peak at 533 nm with a 32 nm full width half 
maximum (FWHM) dispersion [34]. In comparison, the EU2O3 nanoparticles exhibit 
a considerably narrower emission that will permit very selective detection against a 
large, spectrally broad background. 

[0039] Fig. 3b shows a fluorescence micrograph of the silane-coated particles. An 
aliquot of a 0.01 mg/ml particle suspension in PBS was placed on a glass microscope 
slide, covered with a cover slip and imaged using a fluorescence microscope (Nikon 
microphot — Applied Scientific Instrumentation, Inc.). The coated EU2O3 particles 
appear red following excitation by UV light. Overall magnification of the image in 
Figure 3b is approximately 200x. 
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[0040] The particles also were chemically characterized using a ninhydrin test to 
determine the presence of -NH2 groups on the surface of the particles. 100 ul of a 0.8 
mg/ml suspension of Eu 2 0 3 -silane coated particles in PBS was added to 0.5 ml of 
ethanol, and the resulting suspension was sonicated in a bath sonicator (Bransonic 52) 
for 20 minutes. 100 ul of 0.2% ninhydrin (Sigma-Aldrich Chemicals, St. Louis, MO) 
in ethanol was added to the sonicated suspension and the reaction proceeded at room 
temperature for 10 minutes. In the presence of a primary amino group, ninhydrin 
generates a colored reaction product whose presence can he quantified using a 
spectrophotometer. The absorbance spectrum of an aliquot of the reaction product 
was determined using aUV/Vis spectrometer (Cary 100 Bio) operating between 460 
and 700 nm. (Fig. 4). The amount of reaction product may be quantified by 
measuring the optical density at 570 nm. As Fig. 4 illustrates, the Eu 2 0 3 particles 
capped with silane and reacted with mnhydrin became blue (i.e., show an absorbance 
peak at 570 nm) as a result of the color change following reaction of ninhydrin and 
amino groups on the surface. The number of amine group on the surface of the 
europium particle (mol g" 1 ) can be evaluated by constructing a standard curve. We 
generated a standard curve using 3-aminopropyltrimethoxysilane in ethanol. The 
curve was fit using a linear least squares routine to yield Abs = -0.023 + 0.248 C with 
r = 0.98, where Abs is the absorbance at 570 nm, and C is the concentration of amino 
groups. Using this standard curve, we determined that there are 6.3 x 10" 6 mol NH 2 / 
mg particles, or about 1280 amino groups on a 20 nm particle. 
[0041] The particle size after silane capping also was characterized using scanning 
electron microscopy, which demonstrated that the particle sizes were in the range of 
around 100 nm to 200 nm (Fig. 5). 
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[0042] 

Example 3 — Atrazine Analog-Conjugated E111O3 Particles 
[0043] Atrazine is a white, crystalline solid organic compound (M.W. 216) having 

the following structure. ci 

[0044] It is a widely-used herbicide for control of broadleaf and grassy weeds. 
Atrazine was estimated to be the most heavily used herbicide in the United States in 
1987/89, with its most extensive use for corn and soybeans in Illinois, Indiana, Iowa, 
Kansas, Missouri, Nebraska, Ohio, Texas, and Wisconsin. Effective in 1993, its uses 
were greatly restricted. 

[0045] The maximum contamination level goals ("MCLG") for atrazine has been set 
by the Environmental Protection Agency ("EPA") at 3 parts per billion ("ppb") 
because EPA believes this level of protection would prevent the adverse health effects 
described below. 

[0046] Short-term exposure to atrazine has been found to potentially cause the 
following health effects when people are exposed to it at levels above 3 ppb for 
relatively short periods of time: congestion of heart, lungs and kidneys; low blood 
pressure; muscle spasms; weight loss; damage to adrenal glands. Long-term atrazine 
exposure has the potential to cause the following effects from a lifetime exposure at 
levels above 3 ppb: weight loss, cardiovascular damage, retinal and some muscle 
degeneration; cancer. 

[0047] EPA's Pesticides in Ground Water Database indicates numerous detections of 
atrazine at concentrations above the 3 ppb in ground water in several States, including 
Delaware, Illinois, Indiana, Iowa, Kansas, Michigan, Minnesota, Missouri, Nebraska 
and New York. 
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[0048] Because the ability to detect low concentrations {i.e. on the order of parts per 
billion) of atrazine is important for safeguarding drinking water supplies, we 
developed a competition immunoassay using an atrazine analog labeled with the 
Eu 2 0 3 particles produced in Example 1 and characterized in Example 2 to 
demonstrate the use of these particles as labeling reagents. 

[0049] The derivatization of an atrazine analog with 3-aminopropyltrimethoxysilane- 
coated Eu 2 0 3 was carried out as illustrated in Fig. 6 using the procedure described 
below: 

[0050] Stock solution A: 18.4 mg of an atrazine analog (Fig. 6, structure "i") was 
dissolved in 2.4 ml CHC1 3 with one drop of iWdimethylformamide ("DMF") 
(Aldrich-Sigma Chemical Co., St. Louis, MO) in a 20 ml round bottom flask at 0- 
4 °C, then 1.5 ml of thionyl chloride (SOCl 2 ) (Aldrich-Sigma Chemical Co., St. Louis, 
MO) was added dropwise over 5 min. The mixture was stirred and heated to 65-75 °C 
for 1 hour. The flask was put on a rotary evaporator to strip the solvent and excess 
thionyl chloride, resulting in a hazy oil of the acid chloride. 
[0051] Stock solution B: 5 mg of the activated silane-coated Eu 2 0 3 particles 
produced in Example 1 were suspended in 2 ml DMF and 15 mg of N,N~ 
diisopropylethylamine (Aldrich-Sigma Chemical Co., St. Louis, MO) was added. The 
stock solutions A and B were mixed in a round bottom flask at -20 °C by using an 
iced saturated sodium chloride solution, and stirred overnight. The water temperature 
gradually increased to room temperature as the solution was stirred. The solvent was 
removed by evaporation, and the particles were washed by resuspending them in 15 
mis of chloroform, and recovered by centrifuging the solution at 4°C and 6000 x g for 
30 min. 
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[0052] After the atrazine analog-conjugated Eu 2 0 3 particles were prepared, two 
procedures were used for particle characterization. First, fluorescence microscopy 
was used to observe the fluorescence image from the Eu 2 0 3 particles and from the 
atrazine analog conjugated to the particles. Atrazine has a fluorescence emission peak 
at 430 nm following excitation at 345 nm. If the atrazine analog is conjugated to the 
EU2O3 particles, a color intermediate between the 430 nm blue emission (atrazine) and 
the 610 33m red emission (EU2O3) peaks of the two molecules should be observed (e.g., 
a green-blue color) under the fluorescence microscope when the sample is excited. 
[0053] An aliquot of the atrazine-conjugated EU2O3 particles was examined using a 
fluorescence microscope (Nikon Microphot - Applied Scientific Instrumentation, 
Inc.). As expected the particles appeared green-blue under these conditions, 
indicating that the atrazine analog had been successfully conjugated to the silane- 
coated EU2O3 particles (data not shown). Upon filtering the light emitted by the 
particles to remove components having wavelengths shorter than 510 nm, the particles 
exhibited the expected red color characteristic of EU2O3 fluorescence (data not 
shown). 

[0054] Using another approach, aFluoroMax-2 spectrofluorometer (Instruments S.A., 
Inc., Edison, NJ) was used to detect the fluorescence emission at 430 nm following 
excitation at 345 nm (corresponding to atrazine fluorescence), and the emission at 
610 nm following excitation at 394 nm or 466 nm corresponding to EU2O3 
fluorescence). The spectrofluorometer results (not shown) confirmed the results 
obtained using fluorescence microscopy. 
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Example 4 - Competition Immunoassay using Atrazine Analog-Conjugated 
EU2O3 



[0055] To demonstrate that the atrazine analog-conjugated Eu 2 0 3 particles could be 
bound by an anti-atrazine antibody, we carried out the following experiment using the 
atrazine analog-conjugated EU2O3 particles prepared in Example 3. 
[0056] The atrazine analog- Eu 2 0 3 conjugate prepared in Example 3 was suspended 
in phosphate-buffered saline ("PBS")(8g L" 1 of NaCl, 1.15g L" 1 of Na 2 HP0 4 , 0.2 g L" 1 
of KCI, pH 7.4) to a final concentration of 25 p,g ml" 1 . A mouse monoclonal anti- 
atrazine antibody AM7B.2 [28] 5.2 mg/ml protein stock solution was diluted 1 :40 in 
PBSB (PBS containing 0.2% (w/v) bovine serum albumin ("BSA")). A 100 jaL 
aliquot of the atrazine analog- Eu 2 0 3 conjugate in PBS, and 100 p,L of various 
dilutions of the diluted AM7B.2 solution (sufficient to bring the final concentration of 
AM7B.2 in the 900 p,L reaction mix to 0.25 Mg/ml, 0.5 ng/ml, 0.75 p,g/ml, and 
1 .0 jag/ml), were mixed in 12 x 75 mm borosilicate glass test tubes containing 700 \xL 
of PBS and incubated for 15 minutes at 25°C. Following the incubation, 100 p,L of 
magnetic particles coated with goat anti-mouse lgG (Polysciences Inc., Warrington, 
PA) was added to each test tube and the tubes were incubated for 30 minutes at room 
temperature with shaking. The particles then were separated from the supematants by 
placing the tubes onto an Ohmicron 60 position Magnetic Rack (Strategic Diagnostics 
Inc., Newark, DE). The particles were washed with 1 ml of PBS. The supematants 
from each tube initially recovered along with those from the wash were individually 
pooled (total 2 ml for each tube) and the magnetic beads from each tube were 
suspended in 1 ml of PBS. The fluorescence intensity in both supernatant and beads 
was measured using the spectrofluorometer (Instruments S.A., Inc., Edison, NJ) with 
excitation at 394 nm or 466 nm and emission at 610 nm. 
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[0057] The results of this experiment are illustrated in Fig. 7. which shows a linear 
relationship between the binding of the atrazine analog-conjugated EU2O3 particles (as 
indicated by the intensity of the fluorescence emission at 610 ran of the recovered 
magnetic particles) and the concentration of the AM7B.2 anti-atrazine monoclonal 
antibody added to the reaction mix. Three measurements were taken for every point 
and the standard error was 5%. We next carried out the competition experiment 
described below. 

[0058] The atrazine analog- EU2O3 conjugate prepared in Example 3 was suspended 
in phosphate-buffered saline ("PBS")(8g L' 1 of NaCl, 1.15g L" 1 of Na 2 HP0 4 , 0.2 g L" 1 
of KCI, pH 7.4) to a final concentration of 25 [ig ml" 1 . The mouse monoclonal anti- 
atrazine antibody AM7B.2 [28] stock solution at 5.2 mg/ml protein was diluted 1 :40 
in PBSB (PBS containing 0.2% (w/v) bovine serum albumin ("BSA")). A 100 \xL 
aliquot of the atrazine analog- EU2O3 conjugate in PBS, 100 fiL of AM7B.2 
(O.lnmol), and 100 jiL of different dilutions (9.4 nmol -94 nrmol) of unlabeled 
atrazine were mixed in 12 x 75 mm borosilicate glass test tubes containing 600 [iL of 
PBS and incubated for 15 minutes at 25°C. Following the incubation, 100 p,L of 
magnetic particles coated with goat anti-mouse lgG (Polysciences Inc., Warrington, 
PA) was added to each test tube and the tubes were incubated for 30 minutes at room 
temperature with shaking. The particles then were separated from the supernatants by 
placing the tubes onto an Ohmicron 60 position Magnetic Rack (Strategic Diagnostics 
Inc., Newark, DE). The particles were washed with 1 ml of PBS. The supernatants 
from each tube initially recovered along with those from the wash were individually 
pooled (total 2 ml for each tube) and the magnetic beads from each tube were 
suspended in 1 ml of PBS. The fluorescence intensity in both supernatant and beads 
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was measured using the spectrofluorometer (Instruments S.A., Inc., Edison, NJ) with 
excitation at 394 nm or 466 nm and emission at 610 nm. 

[0059] The results of the competition experiment demonstrated that the unlabeled 
atrazine and atrazine-conjugated Eu 2 0 3 reacted competitively with the AM7B.2 
antibody. As expected, the amount of atrazine-conjugated Eu 2 0 3 bound to the 
magnetic beads was found to decrease with increasing concentrations of unlabeled 
atrazine added to the reaction solution (data not shown). At the same time, the 
amount of atrazine-conjugated Eu 2 0 3 found in the supernatant increased with 
increasing concentrations of unlabeled atrazine, as shown in Fig. 8 which shows the 
fluorescence intensity at 610 nm in the recovered supernatants as a function of 
unlabeled atrazine concentration (triplicate measurements, standard error 4.5%). The 
detection limit of this assay was about 0.1 nM equal to 0.02 ppb. 
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[0095] The foregoing description of the embodiments of the invention has been 
presented for the purposes of illustration and description. It is not intended to be 
exhaustive or to limit the invention to the precise forms disclosed. Persons skilled in 
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the relevant art can appreciate that many modifications and variations are possible in 
light of the above teaching. Concentrations, sizes and other parameters stated in the 
specification and the claims are for example only and are intended to include 
variations consistent with the practice of the present invention. Such permissible 
variations are readily determined by persons of skill in the art in light of the instant 
disclosure and typically encompass between about + 10% to about ± 20% of the stated 
parameter. It is therefore intended that the scope of the invention be limited not by 
this detailed description, but rather by the claims appended hereto. References to 
publications, patent applications and issued patents contained in this specification are 
herein incorporated by reference in their entirety for all purposes. 
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Claims 

We claim: 



1 1. A composition, comprising: 

2 a silane-coated metal oxide nanoparticle, wherein said metal oxide has a 

3 generic formula Me x O y , wherein Me is a metal, 1 < x < 2 and 1 < y < 3, and 

4 wherein said nanoparticle is capable of light emission. 

; 2 . The composition of claim 1 , wherein said nanoparticle is capable of 
2 fluorescent light emission. 

1 3 . The composition of claim 1 , wherein said nanoparticle is capable of 

2 phosphorescent light emission. 

/ 4. The composition of claim 1, wherein the diameter of said nanoparticle is 
2 between 10 nm and 1000 nm. 

1 5 . The composition of claim 4, wherein the diameter of said nanoparticle is 

2 between 10 nm and 200 nm. 

/ 6. The composition of claim 5, wherein the diameter of said nanoparticle is 
2 between 10 nm and 100 nm. 

; 7. The composition of claim 6, wherein the diameter of said nanoparticle is 
2 between 20 nm and 50 nm. 

/ 8. The composition of claim 1, wherein Me is a rare earth element. 

l 9. The composition of claim 8, wherein said rare earth element is a lanthanide. 

1 10. The composition of claim 9, wherein said lanthanide an element selected 

2 from the group consisting of Bu, Ce, Nd, Sm, Tb, Dy, Gd 5 Ho, and Tm. 

1 11. The composition of claim 1 0 ? wherein said lanthanide is Eu and said metal 

2 oxide is EU2O3. 

1 12. The composition of claim 10, wherein said lanthanide is Tb and said metal 

2 oxide is Tb2C>3. 
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; 13. The composition of claim 1, wherein x = 2 and y = 3. 

/ 14. The composition of claim 1, wherein said metal oxide is selected from the 
2 group consisting of Cr 2 03, Y2O3, Fe 2 03 ? and Fe 3 04. 

; 15. The composition of claim 1, wherein said metal oxide is selected from the 

2 group consisting of Si0 2 , Al 2 03 ? Ti0 2 , and Zr0 2 , and wherein said 

3 nanoparticle further comprises Eu 2 03 orEu 3+ \ 

1 16. The composition of claim 1, wherein said metal oxide nanoparticle comprises 

2 a metal oxide and a rare earth element dopant. 

1 17. The composition of claim 16, wherein said metal oxide is selected from the 

2 group consisting of Y 2 C>3, Zr0 2 , ZnO, CuO, Cu 2 O, Gd 2 0 3? Pr 2 03, and La 2 0 3> 

3 and said rare earth element dopant is a lanthanide selected from the group 

4 consisting of Eu, Ce, Nd, Sm, Tb 3 Dy ? Gd 5 Ho ? and Th. 

/ 18. The composition of claim 1, wherein said silane has generic formula 

2 Si(OH) n (0(CH 2 )pCH 3 ) m ((CH 2 ) q R) ? wherein 0<n<3;0<m<3;0<p<3;0 

3 <q<10,n + m = 3, and wherein R = H 5 halogen, OH, COOH, CHO, NH 2 , 

4 P0 4? COOR\ OR' and R' is an alkyl or aryl moiety, or R - SR" and R" is H 
. 5 or a protecting group. 

/ 19. The composition of claim 1 , further comprising a protein molecule covalently 

2 bound to said silane. 

3 20. The composition of claim 19, wherein said protein is an antibody. 

/ 21 . The composition of claim 1, further comprising a nucleic acid molecule 
2 covalently bound to said silane. 

/ 22. The composition of claim 1, further comprising a lipid molecule covalently 
2 bound to said silane. 

1 23. Hie composition of claim 1, further comprising a carbohydrate molecule 

2 covalently bound to said silane. 
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24. An improved assay for detecting the presence of an analyte in a sample, said 
assay comprising contacting a sample suspected of containing said analyte 
with a labeled composition under conditions in which said analyte specifically 
binds said labeled composition, and detecting the presence of said label, the 
improvement comprising: using the composition of claim 19, claim 20, claim 
21, claim 22, or claim 23 as said labeled composition. 

25. The assay of claim 24, wherein said assay is a direct assay. 

26. The assay of claim 24, wherein said assay is a competition assay. 

27. A method for coating a metal oxide nanoparticle with a silane, comprising: 
preparing a solution of said metal oxide nanoparticle and said silane, and 
irradiating said solution with microwave radiation. 

28. The method of claim 27, wherein said metal oxide is Eu 2 0 3 . 

29. The method of claim 28, wherein said silane is 
3 -aminopropyltrimethoxysilane. 

30. The method of claim 27, wherein said metal oxide is Tb 2 0 3 . 

3 1 . The method of claim 30, wherein said silane is 
3 -aminopropyltrimethoxysilane. 

32. An improved method for labeling a molecule, said method comprising 
reacting said molecule with a label, wherein said label has a reactive chemical 
group capable of reacting with said molecule, the improvement comprising: 
using the composition of claim 18 as said label. 

33. The method of claim 32, wherein said molecule is a protein molecule. 

34. The method of claim 33, wherein said protein is an antibody. 

35. The method of claim 32, wherein said molecule is a nucleic acid molecule. 
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1 36. The method of claim 32, wherein said molecule is a lipid molecule. 

/ 37. The method of claim 32, wherein said molecule is a carbohydrate molecule. 

1 
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